The present study examined the levels of NMDA receptor NR2 subunit tyrosine phosphorylation in a rat model of inflammation and correlated it with the development of inflammation and hyperalgesia. Hindpaw inflammation and hyperalgesia were induced by intraplantar injection of complete Freund's adjuvant. Proteins from the spinal cord (L4-L5) were immunoprecipitated with anti-NR2A or anti-NR2B antibodies and used for subsequent analysis using 4G-10, a specific anti-phosphotyrosine antibody. Compared with naive rats, there was a rapid and prolonged increase in tyrosine phosphorylation of the NR2B, but not NR2A, subunit after inflammation. The increase in NR2B tyrosine phosphorylation was dependent on primary afferent drive because (1) the phosphorylation correlated with the temporal profile of inflammation and hyperalgesia, (2) shorterduration noxious stimulation produced a rapid and shorterlasting increase in phosphorylation, and (3) local anesthetic block of the injected paw reversibly blocked inflammationinduced NR2B tyrosine phosphorylation and delayed hyperalgesia. The increase in NR2B tyrosine phosphorylation was abolished by intrathecal pretreatment with genistein, a tyrosine kinase inhibitor; PP2, an Src family tyrosine kinase inhibitor; AIDA, a group I metabotropic glutamate receptor antagonist; L733,060, an NK1 tachykinin receptor antagonist, and chelerythrine, a protein kinase C inhibitor. In addition, intrathecal PP2 delayed the onset of mechanical hyperalgesia and allodynia. These findings correlate in vivo NMDA receptor tyrosine phosphorylation with the development and maintenance of inflammatory hyperalgesia and suggest that signal transduction upstream to NR2B tyrosine phosphorylation involves G-proteincoupled receptors and PKC and Src family protein tyrosine kinases.
Inflammation and hyperalgesia are associated with activitydependent changes in the spinal cord , a process that may share common characteristics of synaptic plasticity in other neural systems (Malenka and Nicoll, 1999; Woolf and Salter, 2000; Ali and Salter, 2001) . Convincing evidence demonstrates that the development of spinal hyperexcitability and persistent pain involves activation of NMDA receptors (Haley et al., 1990; Woolf and Thompson, 1991; Ren et al., 1992) . Glutamate colocalizes with substance P in primary afferent terminals (De Biasi and Rustioni, 1988) and is released into the spinal dorsal horn after activation of peripheral nociceptors (Sluka et al., 1994) . Because there is a dramatic increase in primary afferent input after persistent noxious stimulation, synaptic activation of spinal NMDA receptors also increases. The increased NMDA receptor function is expressed as an increase in channel opening and may involve transcriptional, translational, and post-translational modulation. Despite extensive studies in this area, the cellular and molecular mechanisms underlying NMDA receptor activation and their signal transduction after injury are still unclear.
Protein phosphorylation is a major mechanism for the regulation of receptor function. The native NMDA receptor is likely a tetramer that consists of two NR1 and two NR2 subunits (Laube et al., 1998) . Phosphorylation of multiple sites in the cytoplasmic C termini of the NR1 and NR2 subunits is known to modulate NMDA receptor activity and affect synaptic transmission (Tingley et al., 1997; Lu et al., 2000a; Zou et al., 2000) . Among the signal transduction pathways for NMDA receptor activation involving protein phosphorylation, tyrosine phosphorylation of the NR2 subunits plays a key role (Moon et al., 1994; Lau and Huganir, 1995; Xiong et al., 1999) . NMDA receptor gating is closely regulated by tyrosine kinase Src (Yu et al., 1997; . It has been shown that the major tyrosinephosphorylated protein in the postsynaptic density is the NR2B subunit of the NMDA receptor (Moon et al., 1994) . Tyrosine phosphorylation of the NR2 subunits, particularly the NR2B subunit, has been associated with long-term potentiation (LTP) (Rosenblum et al., 1996; Rostas et al., 1996) , as well as neuropathological conditions (Menegoz et al., 1995; Dunah et al., 2000) . There have been no reports on whether tyrosine phosphorylation of the NMDA receptor is associated with the development of persistent pain. Furthermore, there is no direct evidence that Src family tyrosine kinases participate in NR2B subunit receptor phosphorylation in model systems of activity-dependent plasticity (Ali and Salter, 2001 ).
NR2B immunoreactivity is localized to the rat spinal dorsal horn (Yung, 1998; Boyce et al., 1999) , and protein tyrosine kinases are expressed in the spinal cord (Ross et al., 1988) . In the present study, we produced inflammation and hyperalgesia in rats and examined the tyrosine phosphorylation of the spinal NR2 subunits in relation to the development and maintenance of hyperalgesia. We show that there was a prolonged increase in tyrosine phosphorylation of the NR2B subunit that was closely related to peripheral inflammation and hyperalgesia. The increased NR2B tyrosine phosphorylation occurred rapidly and was blocked by local anesthesia of the injured area, an Src family tyrosine kinase inhibitor, antagonists of G-protein-coupled receptors, and a protein kinase C (PKC) inhibitor. These findings correlate in vivo NMDA receptor tyrosine phosphorylation with the development and maintenance of inflammatory hyperalgesia and suggest upstream mediators involved in the signal transduction cascade leading to tyrosine phosphorylation. Preliminary results of this study have been reported in abstract form (Guo et al., 2001 ).
MATERIALS AND METHODS
Animals. Adult male Sprague Dawley rats weighing 150 -250 gm (Harlan, Indianapolis, I N) were used in all experiments. Rats were on a 12 hr light /dark cycle and received food and water ad libitum. To produce inflammation and hyperalgesia, complete Freund's adjuvant (CFA; 0.2-0.3 ml; 0.1 mg Mycobacterium tuberculosis; Sigma, St. L ouis, MO) suspended in an oil -saline (1:1) emulsion was injected subcutaneously into one (behavioral and immunocytochemical studies) or two (immunoprecipitation and Western blot studies) hindpaws. The CFA injection produced an intense tissue inflammation of the hindpaw characterized by erythema, edema, and hyperalgesia (Iadarola et al., 1988; Hylden et al., 1989; Ren et al., 1992) . The inflamed animals groom normally and display normal locomotor activity. They maintain their weight, explore their environment, and interact with other rats. Saline (0.2-0.3 ml, 0.9%) was used as a control for CFA injection. Mustard oil (allyl isothiocyanate) was applied to the plantar surface of the hindpaw via a 5 ϫ 5 mm gauze pad presoaked in mustard oil. The contact of the gauze with skin was limited to 20 sec. The application of mustard oil excites primary afferent C -fiber and produces increased excitability of dorsal horn neurons and behavioral hyperalgesia (Woolf and K ing, 1990; Urban et al., 1996) . Mustard oil as well as saline was used as shorter-lasting noxious stimuli compared with CFA. Naive rats were used as a control. The experiments were approved by the Institutional Animal C are and Use Committee of the University of Maryland Dental School.
Western blot and immunoprecipitation. Naive and treated rats (10 min to 14 d after CFA injection) were overdosed with pentobarbital sodium (100 mg / kg, i.p). To focus on the dorsal horn mechanisms of sensory processing, the dorsal half of the L4-L5 spinal cord tissues were removed and homogenized in solubilization buffer (50 mM Tris-HC l, pH 8.0; 150 mM NaC l, 1 mM EDTA, 1% N P-40, 0.5% deoxycholic acid, 0.1% SDS, 1 mM Na 3 VO 4 , 1 U/ml aprotinin, 20 g /ml leupetin, and 20 g /ml pepstatin A). Some initial experiments used whole spinal cord tissue and obtained similar results on N R2 subunit tyrosine phosphorylation. The homogenate was centrif uged at 14,000 rpm for 10 min at 4°C. The supernatant was removed. The protein concentration was determined using a detergent-compatible protein assay with a bovine serum albumin as standard. Each sample contained proteins from one animal. Proteins (50 g) were separated on a 7.5% SDS-PAGE gel and blotted to nitrocellulose membrane (Amersham Biosciences, Arlington Heights, IL) with a Trans-Blot Transfer C ell system (Bio-Rad, Hercules, CA). The blots were blocked with 5% milk in TBS buffer (20 mM Tris, 150 mM NaC l, pH 7.4) at room temperature for 30 min. After decanting the blocking buffer, the blot was incubated with the respective antibody overnight at 4°C. The membrane was washed with TBS buffer and incubated for 1 hr with anti-goat IgG horseradish peroxidase (1:3000; Santa Cruz Biotechnology, Santa Cruz, CA) in 5% milk and TBS. The membrane was then washed three times with TBS buffer. The immunoreactivity was detected using Enhanced Chemiluminescence (ECL; Amersham).
For immunoprecipitation, the samples were incubated with N R2A or N R2B antiserum (Santa Cruz Biotechnology) overnight and then with protein A /G-Sepharose beads (Santa Cruz Biotechnology). To verif y the specificity of N R2A and N R2B antibodies, some samples were boiled for 5 min before immunoprecipitation to separate associated proteins. Similar results were obtained in samples after boiling except the elimination of proteins coimmunoprecipitated with N R2A or N R2B subunits. SDS sample buffer (0.05 ml) was added to elute N R2A or N R2B subunit from the protein A /G beads. The eluant was separated on SDS-polyacrylamide gel (7.5%), and transferred to a nitrocellulose membrane. The membranes were blocked and incubated with anti-phosphotyrosine 4G-10 (1:1000; Upstate Biotechnology, Lake Placid, N Y) and f urther washed and incubated with anti-mouse IgG horseradish peroxidase (1:3000), and ECL was performed. To control for protein loading and transfer efficiency, the membranes were stripped and then reprobed with N R2A or N R2B antiserum (1:1000) after the first round of analysis. The N R2A and N R2B subunit levels were also analyzed with Western blot without immunoprecipitation. The loading and blotting of equal amount of proteins were verified with Coomassie blue staining. ECL -exposed films were digitalized, and densitometric quantification of immunoreactive bands was performed using Scion N IH Image 1.60. The relative tyrosine-phosphorylated protein levels were obtained by normalizing the anti-phosphotyrosine immunoblot against the corresponding N R2 subunit immunoblot from the same membrane. ANOVA and unpaired two-tailed t test were used to determine significant differences between sample groups. p Ͻ 0.05 was considered significant in all cases.
Quantification of inflammation. Evans' blue dye extravasation was examined to quantif y CFA-induced inflammation. Evans' blue dye (50 mg / kg, 2% solution) was injected through the tail or femoral vein at the end of the experiments. The rats were killed 10 min later. To quantif y the extravasated Evans' blue, the hindpaw tissues were dissected, weighed and cut into small blocks. The tissues were then incubated overnight in a 7:3 mixture of acetone and 35.2 mM sodium sulfate solution (v/ v) at room temperature with intermittent shaking. After incubation, samples were centrif uged at 10,000 rpm for 20 min, and the supernatant was separated. The absorbance of this supernatant at 620 nm was determined in a spectrophotometer. The recovery of the extravasated dye per gram weight of tissue (micrograms per gram) was calculated by comparing the absorbency of the supernatant with a standard curve. The standard curve was generated from a series of the same extraction solution mixed with known amounts of Evans' blue dye.
Intrathecal procedure. The intrathecal cannulation was performed under methohexital anesthesia (50 mg / kg, i.p.). The atlanto-occipital membrane was exposed, and a 7.0 -8.0 cm length of PE-10 tubing was inserted into the subarachnoid space through a slit made in the membrane. The cannula was advanced to the level of the lumbar spinal cord (Yaksh and Rudy, 1976) . During recovery from anesthesia, animals were examined for gross signs of motor impairment. Such animals were excluded from the study. The location of the distal end of the intrathecal catheter was verified visually after laminectomy at the end of the experiments. All the receptor antagonists and enzyme inhibitors were purchased from Research Biochemicals (Natick, M A) or Sigma unless otherwise indicated. The following agents were administered intrathecally: 5,7-dihydroxy-3-(4-hydroxyphenyl)-4H-1-benzopyran-4-one; 4Ј,5,7-trihydroxy-isoflavone, tyrosine kinase inhibitor (genistein); 1-aminoindan-1,5-dicarboxylic acid, group I metabotropic glutamate receptor (mGluR)-selective (AI DA), 3- [[3,5-bis(trifluoromethyl) , an inactive analog of genistein, were also used. The drug vehicle saline (for AIDA and chelerythrine) or dimethylsulfoxide (DMSO; Sigma; for genistein, genistin, L-733,060, PP2, and PP3) was used as a control for intrathecal agents.
Behavioral testing. A unilateral hindpaw inflammation was produced. Complete Freund's adjuvant (0.2 ml) suspended in an oil -saline (1:1) emulsion was injected into the lateral edge of one hindpaw subcutaneously. A set of calibrated Semmes-Weinstein (S -M) monofilaments (von Frey filaments; Stoelting, K iel, W I) were used to deliver mechanical stimulation. The bending force of the filaments was in a range of 9 mg to 257 gm. The testing method is described in detail elsewhere (Ren, 1999) . Briefly, rats were habituated to stand on their hindpaws and lean against the experimenter's hand covered by a regular leather work glove. The testing filament was probed against the lateral edge of the hindpaw. The starting filament was the number 10 filament (3.24 gm) against the normal skin and the number 5 filament (0.19 gm) against the inflamed tissue. The filaments were applied in an ascending series. A descending series of the filaments were used when the rat responded to the starting filament. Each filament was tested five times at an interval of a few seconds. If paw withdrawal caused by stimulation was observed, it was registered as a response to a filament. Response threshold is defined as the lowest force of two or more consecutive von Frey filaments that produces at least two responses to each filament. A reduction in threshold suggests the development of allodynia, a nociceptive response to a normally non-noxious stimulus. An increase in response frequency, particularly to suprathreshold von Frey filaments, indicates mechanical hyperalgesia. The mechanical threshold data are presented as median with 25 and 75 percentiles. Nonparametric analyses (Kruskal -Wallis and Mann -Whitney U ) were used for statistical comparisons. p Ͻ 0.05 was considered statistically significant.
RESULTS

Inflammation induced a prolonged increase in tyrosine phosphorylation of the NR2B subunit
Our preliminary Western blot analysis indicated that inflammation did not induce changes in NR2A and NR2B subunit protein levels within a 7 d period (data not shown; but see Figs. 1-4). We then asked whether there was a change in the functional status of the receptor, specifically, a change in tyrosine phosphorylation of the NR2 subunits after inflammation. We examined both NR2A/2B subunits because they both are involved in synaptic plasticity and undergo tyrosine phosphorylation (Ali and Salter, 2001 ). The lumbar spinal cord tissues were collected from noninflamed naive rats and rats at 10 min to 14 d after injection of CFA. This time course was chosen based on previous studies that hindpaw inflammation starts as early as 10 min after injection of another inflammatory agent, carrageenan (Van Arman et al., 1965) , and CFA-induced hyperalgesia lasts for 2 weeks (Iadarola et al., 1988; Ren, 1999) .
To examine tyrosine phosphorylation of the NR2 subunits, L4 and L5 spinal cord protein samples were first immunoprecipitated with anti-NR2A and anti-NR2B antibodies. The eluted NR2A or NR2B proteins were then incubated with an anti-phosphotyrosine antibody, 4G-10. The tyrosine phosphorylation, as indicated by the immunoblot against 4G-10, was associated with a band of 180 kDa ( Fig. 1 A, for PY-NR2B) (data not shown for NR2A). There was an increase in the intensity of the 4G-10 bands after immunoprecipitation with anti-NR2B antibodies after inflammation compared with naive noninflamed rats (Fig. 1 A) . In contrast, there was no change in NR2B immunobands when the membranes were reprobed ( Fig. 1 A) , consistent with the previous analysis that a change at the translation level was not detected by Western blot.
For quantification of 4G-10 binding to the 180 kDa band, each 4G-10 band was normalized to the respective NR2A or NR2B immunoband after reprobing the same membrane against NR2A and NR2B antibodies. Inflammation produced a significant increase in NR2B tyrosine phosphorylation over time when compared with naive rats (ANOVA; F ϭ 5.48; p ϭ 0.05; n ϭ 5). The increase in NR2B tyrosine phosphorylation started as early as 10 min (183 Ϯ 22% of control; p Ͻ 0.05) and was maintained for at least 3 d (184 Ϯ 21 to 234 Ϯ 27%; p Ͻ 0.05) after the injection of CFA. In some experiments, when rats were killed almost immediately (2-5 min) after injection of CFA, there was also an increase in NR2B tyrosine phosphorylation (data not shown). At 7 and 14 d after inflammation, the levels of NR2B tyrosine phosphorylation (7 d, 129 Ϯ 11% of control, p ϭ 0.33; 14 d, 114 Ϯ 18% of control, p ϭ 0.44) were still higher than the control, although the difference did not reach statistical significance (Fig.   1 B) . In contrast, there were no changes in NR2A tyrosine phosphorylation after inflammation (data not shown).
Tyrosine phosphorylation and the development of inflammation and hyperalgesia
Previous studies have demonstrated hyperalgesia and allodynia after hindpaw inflammation (Hargreaves et al., 1988; Iadarola et al., 1988; Ren, 1999) , but the early development of persistent inflammatory pain has not been described. We examined the early time course of inflammation and hyperalgesia and compared it with the temporal profile of NR2B tyrosine phosphorylation. We used von Frey filaments to evaluate the paw withdrawal threshold before and shortly after the injection of CFA. As shown in Figure 1C , the mechanical response threshold of the rat started to decrease as soon as 2 min after the injection of CFA. Within 10 min after CFA, the mean median mechanical threshold was reduced from 62.9 to 1.1 gm (interquartile range, 0.6 -8.18 gm) ( p Ͻ 0.0001; n ϭ 6), indicating mechanical allodynia (nocifensive behavior in response to an innocuous stimulus). In addition to a reduction of mechanical threshold, the rats exhibited exaggerated responses to probing with high-intensity (Ͼ10 gm) filaments (data not shown), indicating the presence of mechanical hyperalgesia. These results indicate a rapid development of mechanical hyperalgesia and allodynia. A rapid development of thermal hyperalgesia at 10 min after CFA injection has also been shown recently (Ji et al., 2002) . The decrease in mechanical threshold was maintained throughout the 2 hr testing period. The inflammationinduced mechanical hyperalgesia and allodynia has been shown to persist for 7-14 d after inflammation (Ren, 1999) . There was no change in mechanical threshold of the contralateral paw (Fig. 1C) .
The CFA-induced inflammation was verified by using Evans' blue extravasation into peripheral tissues as a measure of inflammation and activation of peripheral nociceptors (Imbe et al., 2001) . The time course of Evans' blue extravasation after CFA injection paralleled NR2B tyrosine phosphorylation (Fig. 1 D) and inflammatory hyperalgesia for early time points shown in Figure 1 and later time points in previous studies (Ren, 1999) . These results suggested that NR2B tyrosine phosphorylation was closely associated with the development of peripheral inflammation and hyperalgesia.
Effects of short-duration noxious stimulation
To confirm the rapid occurrence of NR2B tyrosine phosphorylation and its correlation with the time course of peripheral inflammation and hyperalgesia after hindpaw stimulation, we investigated the effects of saline injection and mustard oil application to the hindpaw. Although the saline injection can be used as a control for CFA, the needle insertion and the injection volume are a transient noxious stimulus. Mustard oil has been routinely used to activate small caliber nociceptive primary afferent fibers. The stimulating effect of mustard oil lasts from 30 min to a few hours (Woolf and King, 1990) .
As shown in Figure 2 , A and B, saline produced a transient increase in NR2B tyrosine phosphorylation at 10 min after injection ( p Ͻ 0.01; n ϭ 3). The effect of saline injection on tyrosine phosphorylation was resolved within 30 min (data not shown). The NR2B tyrosine phosphorylation remained at control levels from 2 hr to 3 d after saline injection (Fig. 2 A, B) . Consistently, there was a transient reduction of mechanical response threshold at 5-10 min after saline injection ( p Ͻ 0.01; n ϭ 6) (Fig. 2C) . Mustard oil also produced an increase in NR2B tyrosine phosphorylation that lasted for 5 hr (Fig. 3 A, B) . The Evans' blue extravasation after mustard oil increased sharply at 10 min, gradually resolved in 2-5 hr, and returned to control level at 24 hr after stimulation (Fig. 3C) . The finding that the levels of NR2B tyrosine phosphorylation were maintained for 10 min to 5 hr, whereas the Evans' blue extravasation attenuated rapidly after 10 min, suggests that tyrosine phosphorylation may outlast the mustard oil-induced inflammation.
NR2B tyrosine phosphorylation is dependent on primary afferent input
The above results strongly suggest that tyrosine phosphorylation of the NR2B subunit is dependent on the development and persistence of peripheral nociceptor activation. We produced local anesthetic block to test this hypothesis directly. A local anesthetic, lidocaine (2%, 0.3 ml), was injected subcutaneously into the rat hindpaw before the injection of CFA. Ten minutes after the infiltration of lidocaine, CFA was injected into the same site to produce inflammation. In rats pretreated with saline (0.9%, 0.3 ml), the NR2B tyrosine phosphorylation was increased by 339 Ϯ 49% ( p Ͻ 0.05) and 291 Ϯ 23% ( p Ͻ 0.05) of control at 10 and 30 min after CFA injection. In lidocaine-treated rats, the increase in NR2B tyrosine phosphorylation was abolished at 10 min (76 Ϯ 10% of control; p Ͼ 0.05) and 30 min (108 Ϯ 20% of control; p Ͼ 0.05) after CFA injection (n ϭ 4 per time point) (Fig. 4 A, B) . The lidocaine treatment similarly blocked the early development of mechanical allodynia (Figs. 1C, 4C ). In lidocainetreated rats (n ϭ 6), the reduction of mechanical response threshold was delayed until 1 hr after the injection of CFA (Fig. 4C) . The NR2B tyrosine phosphorylation appeared at 2 hr after inflammation (Fig. 4 A, B) , when the local anesthesia had worn off (Fig. 4C) . Local anesthetic treatment after the injection of CFA produced similar blocking effects on NR2B tyrosine phosphorylation (n ϭ 4) and mechanical allodynia (n ϭ 5) (data not shown). These findings indicate that peripheral nociceptor activation evoked by inflammation is necessary for the maintenance of hyperalgesia and allodynia. There was a rapid reduction of the response threshold at 10 min after CFA injection that lasted throughout the 2 hr testing period. The early, rapid changes in mechanical response threshold correspond to the time course of NR2B tyrosine phosphorylation (A, B) . The threshold of the noninjected paws remained unchanged. The asterisks indicate significant differences versus pre-CFA value ( p Ͻ 0.05; n ϭ 6). A log scale is used. D, Evans' blue dye extravasation was examined to verify inflammation of the CFA-injected hindpaw. The dye (5 mg/kg; 0.2%) was injected intravenously 10 min before the animals were killed. The hindpaw tissue was dissected, weighed, and cut into small blocks. The tissues were incubated overnight in a mixture of acetone and sodium sulfate solution. The samples were then centrifuged, and the supernatant was separated. The absorbency of the supernatant at 620 nm was determined in a spectrophotometer. The results are expressed as the OD value per gram tissue (n ϭ 1-2 per time point). The extravasation Evans' blue was nondetectable in nontreated animals. The levels of NR2B subunit tyrosine phosphorylation paralleled the time course of CFA-induced tyrosine phosphorylation, as indicated by Evans' blue extravasation. 
Contribution of protein tyrosine kinases
To verify the involvement of protein tyrosine kinase in NR2B tyrosine phosphorylation, animals were pretreated intrathecally with a tyrosine kinase inhibitor, genistein, at 10 min before injection of CFA. Although a lower dose (0.05 mg; n ϭ 3) did not produce an effect, genistein at 0.1 mg (n ϭ 6) resulted in an attenuation of inflammation-induced tyrosine phosphorylation of the NR2B band ( p Ͼ 0.05 vs naive rats) (Fig. 5 A, B) . The protein tyrosine kinase that regulates NMDA receptor function is a member of the Src family (Yu et al., 1997) . We then showed that intrathecal administration of PP2 (0.003 mg; n ϭ 3), a selective Src family tyrosine kinase inhibitor, abolished inflammationinduced NR2B tyrosine phosphorylation ( p Ͼ 0.05 vs naive rats) (Fig. 6 A, B) . The intrathecal pretreatment with genistin (0.1 mg; n ϭ 3), an inactive analog of genistein, and PP3 (0.003 mg; n ϭ 3), a negative control for PP2, did not prevent inflammation-induced increase in NR2B tyrosine phosphorylation (data not shown).
PP2, when injected intrathecally (0.003 mg; n ϭ 5) 10 min before injection of CFA, also delayed the reduction of mechanical response threshold after inflammation when compared with vehicle-treated (DMSO; n ϭ 4) rats (Fig. 6C) . The effect of PP2 on mechanical hyperalgesia and allodynia lasted for ϳ20 min. When PP2 (0.003 mg; n ϭ 8) was injected at 5 hr after CFA, there was an increase in median mechanical threshold from 5.6 to 8.8 gm at 5 min after PP2 ( p Ͻ 0.05) (Fig. 6 D) . The effect of PP2 Effect of short-duration stimulation on NR2B tyrosine phosphorylation. Mustard oil, a small fiber irritant, was applied topically to the hindpaw via a gauze pad (5 ϫ 5 mm) for 20 sec. A, Representative immunoreactive blot for anti-phosphotyrosine 4G-10 (PY-NR2B) and NR2B. The same immunoprecipitation and Western blot procedures were used as described in Figure 1 . B, Comparison of the levels of tyrosine phosphorylation normalized to NR2B-immunoreactive bands. The relative phosphotyrosine protein levels after inflammation are expressed as a percentage of the naive ( N) controls. *p Ͻ 0.05 versus naive controls. N ϭ 3 per time point. Dashed line indicates the control levels in naive rats. There was an increase in tyrosine phosphorylation between 10 min to 5 hr after mustard oil application. C, Hindpaw Evans' blue dye extravasation after mustard oil application. The extravasation of Evans' blue was nondetectable in nontreated animals. After mustard oil application, the dye extravasation sharply increased at 10 min and gradually returned to the control level at 24 hr. N ϭ 1-2 per time point.
post-treatment on mechanical threshold was transient and lasted for ϳ10 min. These results indicate the involvement of the Src family tyrosine kinases in the development of dorsal horn hyperexcitability after hindpaw inflammation.
The increased NR2B tyrosine phosphorylation is linked to G-protein-coupled receptors and protein kinase C mechanisms
The Src family tyrosine kinases are activated by the proline-rich tyrosine kinase 2 (PYK2)/cell-adhesion kinase ␤ (CAK␤) pathway (Dikic et al., 1996) . The PYK2/CAK␤ pathway is sensitive to an increase in intracellular calcium (for review, see Girault et al., 1999) . We examined the possibility that enhanced tyrosine phosphorylation is initiated through G-protein-coupled receptors, the activation of which leads to an increase in intracellular calcium. The rats were pretreated (at 10 min before injection of CFA) intrathecally with AIDA, a selective mGluR1 receptor antagonist; or L-733,060, a selective NK1 tachykinin receptor antagonist. The rats were killed at 30 min after injection of CFA. Compared with vehicle-treated rats, AIDA (0.05 mg; n ϭ 6) and L-733,060 (0.1 mg; n ϭ 5) abolished NR2B tyrosine phosphorylation after inflammation ( p Ͼ 0.05 vs naive rats) (Fig. 5 A, B) . A lower dose of AIDA (0.025 mg; n ϭ 3) did not produce an effect on NR2B tyrosine phosphorylation.
Recent in vitro studies indicate that mGluR1-mediated potentiation of NMDA receptor involves intracellular calcium and PKC (Skeberdis et al., 2001) . Consistently, PKC activation induces NR2 tyrosine phosphorylation in the rat hippocampus (Grosshans and Browning, 2001 ). We examined the involvement of PKC in inflammation-induced NR2B tyrosine phosphorylation. Using the same intrathecal protocol (see above), the in- Figure 4 . The effect of preemptive local anesthesia on inflammationinduced increase in NR2B tyrosine phosphorylation. Lidocaine (0.3 ml; 2%) was injected into the plantar surface 10 min before CFA injection into the same hindpaw site. Saline (0.3 ml; 0.9%) was injected as a control for lidocaine in other animals. A, Examples of immunoreactive bands for anti-phosphotyrosine 4G-10 (PY-NR2B) and NR2B. The same immunoprecipitation and Western blot procedures were used as described in Figure 3 . S10Ј, S30Ј, 10 and 30 min after CFA injection in rats pretreated with intraplantar saline. L10Ј-L24h, 10 min to 1 d after CFA injection in rats pretreated with lidocaine. B, Summary of the effect of lidocaine on inflammation-induced NR2B tyrosine phosphorylation. In lidocainetreated rats, the increase in tyrosine phosphorylation was blocked at 10 -30 min after CFA injection and reappeared at 2 hr time point later. *p Ͻ 0.05 versus naive rats. N ϭ 4 per time point. C, CFA-induced reduction of mechanical response threshold was reversibly blocked by lidocaine pretreatment. The von Frey threshold is shown by filled circles (inflamed paws) and open circles (noninflamed paws). Filled squares indicate nonresponders that did not respond to the von Frey filament of the highest intensity (257 gm). Data are presented as median with interquartile ranges (75 percentile, upward bars; 25 percentile, downward bars). Note the reappearance of mechanical allodynia at 1-2 hr after CFA injection. *p Ͻ 0.05; n ϭ 6. crease in NR2B tyrosine phosphorylation was blocked by pretreatment with chelerythrine (384 ng; n ϭ 3), a selective PKC inhibitor (Fig. 7) .
DISCUSSION
The present study demonstrates that the development of hindpaw inflammation and hyperalgesia is associated with a rapid and prolonged enhancement of tyrosine phosphorylation of NR2B subunits of the NMDA receptor in the rat spinal cord. The increase in tyrosine phosphorylation occurred as early as 2-5 min after injection of the inflammatory agent and was sustained for a week. Although both NR2A and NR2B subunits can be tyrosinephosphorylated in vitro Christie et al., 1999) , studies have shown that the NR2B, but not the NR2A subunit, exhibits increased tyrosine phosphorylation after 6-OHdopamine lesions of nigrostriatal neurons (Menegoz et al., 1995) , BDNF treatment of cortical and hippocampal postsynaptic densities (Lin et al., 1998) ; and LTP (Rosenblum et al., 1996; Rostas et al., 1996) . Complementing these earlier studies in reduced model systems, we show for the first time in an in vivo model of behavioral hyperalgesia and allodynia that the enhanced tyrosine phosphorylation of the NR2B subunit of the NMDA receptor may contribute to nociceptor activity-induced spinal plasticity and the development of central sensitization and persistent pain.
Our analyses indicate that the development and maintenance of NR2B tyrosine phosphorylation is dependent on primary afferent drive to the spinal cord. The time course of tyrosine phosphorylation was closely related to (1) the persistence of peripheral noxious stimulation, (2) the early development of hyperalgesia and allodynia, and (3) stimulus-induced plasma extravasation. The injection of CFA produced an effect on NR2B tyrosine phosphorylation that lasted for days. Because the nociceptive input produced by saline injection is primarily associated Figure 6 . Effect of a selective Src family tyrosine kinase inhibitor, PP2, on tyrosine phosphorylation of NR2B and mechanical allodynia after inflammation. A, Representative immunoblots against anti-4G-10 (top) and NR2B (bottom) antibodies. PP2 (0.003 mg) was injected intrathecally 10 min before injection of CFA. The drug vehicle DMSO (0.01 ml) was used as a control. B, Mean relative levels of tyrosine-phosphorylated NR2B proteins from three individual experiments. *p Ͻ 0.05 versus naive rats. Dashed line indicates the control level. C, CFA-induced reduction of mechanical response threshold was attenuated by PP2 (0.003 mg, i.t.; n ϭ 5) pretreatment at 10 min before injection of CFA. The von Frey threshold of the inflamed paw is shown by filled circles (PP2-treated) and open circles (DMSO-treated). Data are presented as median with interquartile ranges (75 percentile, upward bars; 25 percentile, downward bars). Note a delayed reduction of paw withdrawal threshold in rats receiving PP2. The effect of PP2 lasted ϳ20 min. *p Ͻ 0.05; **p Ͻ 0.01; DMSO versus PP2. D, Effect of PP2 post-treatment on mechanical hyperalgesia and allodynia. At 5 hr after CFA injection, rats received intrathecal PP2 (0.003 mg; n ϭ 8) or DMSO (0.01 ml; n ϭ 7). There was an increase in mechanical response threshold at 5 min after PP2 injection. *p Ͻ 0.05 versus pre-PP2 group; #p Ͻ 0.05, PP2 versus DMSO groups.
with the injection procedure per se, there was only a rapid and transient upregulation of NR2B tyrosine phosphorylation and a transient reduction of mechanical threshold that lasted for 10 min after saline injection. Mustard oil-induced NR2B tyrosine phosphorylation also paralleled and outlasted the Evans' blue extravasation produced by this stimulant.
Direct evidence of the importance of peripheral afferent drive was shown by local anesthesia of the injured area with lidocaine, which blocked upregulation of the NR2B tyrosine phosphorylation. The duration of blockage of NR2B tyrosine phosphorylation corresponded with the effective period of lidocaine, as suggested by our behavioral analysis (Fig. 4) . Interestingly, the enhanced NR2B tyrosine phosphorylation reappeared after the block by lidocaine. Buritova et al. (1996) have shown that intraplantar infiltration with lignocaine and bupivacaine before carrageenan transiently limited signs of inflammatory pain, consistent with our findings. Our observations produce new evidence that inflammation-induced N R2B tyrosine phosphorylation is not only initiated, but also maintained by primary afferent input, and confirm previous suggestions that inflammatory hyperalgesia and altered central nociceptive processing are initiated and dynamically maintained by input from the site of injury (Gracely et al., 1992) . Enhanced tyrosine phosphorylation of the NR2B was also observed in LTP (Rostas et al., 1996) . However, the increase in NR2B tyrosine phosphorylation was not involved in the initiation of LTP because the increased tyrosine phosphorylation was only observed after LTP induction (Rosenblum et al., 1996; Rostas et al., 1996) .
The NMDA receptor forms multiprotein complexes with postsynaptic density proteins including receptors, adaptor proteins, and protein kinases (Fujita and Kurachi, 2000) . Interestingly, mGluRs are coupled with NMDA receptors in the postsynaptic density via several proteins such as homer, shank, and PSD-95 (Tu et al., 1999) . This protein scaffold allows for efficient intracellular signaling. In fact, the NR2B subunit may be phosphorylated by kinases intrinsic to the postsynaptic density. After receiving strong primary afferent drive generated from peripheral nociceptors by inflammation, a cascade of events in the postsynaptic density of spinal neurons may lead to NR2B tyrosine phosphorylation. At least two major effects are expected after tyrosine phosphorylation of the NR2B subunits: (1) an increase in NMDA receptor channel current (Wang and Salter, 1994) and/or (2) the activation of the RAS-GTP-MAP kinase pathway through phosphotyrosine-bound adaptor proteins (Chen et al., 1998) . This signal cascade related to tyrosine phosphorylation is primarily based on observations from in vitro studies. Whether it is applicable to injury-induced spinal plasticity is unclear. Our results linking tyrosine phosphorylation of the NMDA receptor to the development of inflammation and hyperalgesia provide a model system to assess in vivo the signal transduction pathways involved in spinal cord LTP or central sensitization.
Our results also suggest the upstream input that leads to NR2B tyrosine phosphorylation. The kinases that phosphorylate the NR2B subunits belong to the family of Src protein tyrosine kinases (for review, see Chen and Leonard, 1996; Ali and Salter, 2001) . The finding that the inflammation-induced increase in NR2B tyrosine phosphorylation was abolished by genistein, a tyrosine kinase inhibitor, and PP2, an Src family protein tyrosine kinases inhibitor, is the first direct evidence that Src family tyrosine kinases participate in NR2B subunit receptor phosphorylation after activity-dependent plasticity in the spinal cord or other model systems (Ali and Salter, 2001 ). Importantly, we showed that intrathecal administration of PP2 before injection of CFA delayed the onset of mechanical hyperalgesia and allodynia. Genistein has been shown to attenuate inflammatory hyperalgesia (Lu et al., 2000b) . Post-treatment of PP2 also blocked NR2B tyrosine phosphorylation and inflammatory hyperalgesia, suggesting that NR2B phosphorylation plays a role in maintaining central hyperexcitability. However, because post-treatment of PP2 only produced a small and transient effect, the Src activation may play a lesser role in maintaining central hyperexcitability. Although these correlative findings support our hypothesis that NR2B tyrosine phosphorylation is involved in the development of spinal plasticity and hyperalgesia after inflammation, direct evidence on a causal role of NR2B tyrosine phorphorylation to the inflammatory hyperlagesia is still missing. Recent studies have identified seven specific tyrosine residues on the C terminus of the NR2B subunit that are phosphorylated by Fyn, an Src family tyrosine kinase, in vitro (Nakazawa et al., 2001) . Among those tyrosines, Tyr-1472 appears to be the major Fyn-mediated phosphorylation site, and Tyr-1472 phosphorylation is enhanced after induction of LTP in mouse hippocampal slices (Nakazawa et al., 2001) . It would be very interesting to determine whether a deletion of the specific tyrosine site on the NR2B subunit will affect the development of CFA-induced hyperalgesia.
The Src family protein tyrosine kinases are activated by the PYK2-CAK␤ pathway (Dikic et al., 1996) , which is sensitive to an increase in intracellular calcium (for review, see Girault et al., 1999) . One potential source of the increase in intracellular Ca 2ϩ in spinal neurons after inflammation is through activation of G-protein-coupled receptors such as metabotropic glutamate receptors (mGluRs) and NK1 tachykinin receptors. We provided evidence that intrathecal administration of a group I mGluR antagonist blocked inflammation-induced NR2B tyrosine phosphorylation, thus supporting the involvement of mGluRs. This effect should be attributed to the blockage of postsynaptic mGluRs and its interaction with ionotropic GluRs but not presynaptic modulation. Although mGluRs are present in presynaptic terminals, the activation of presynaptic mGluRs functions to reduce presynaptic glutamate release (for review, see Pin and Duvoisin, 1995) . In addition, intrathecal administration of an NK1 receptor antagonist also attenuated NR2B tyrosine phosphorylation. These results are consistent with our hypothesis and demonstrate in vivo a role for interactions between G-proteincoupled receptors and ionotropic glutamate receptors in the development of spinal plasticity. The application of group I mGluR antagonists have been shown to reduce spinothalamic neuronal activity and mechanical allodynia (Neugebauer et al., 1999; Mills et al., 2000) . Also, antisense ablation of mGluR 1 inhibits spinal nociceptive transmission (Young et al., 1998) . Activation of mGluRs potentiates NMDA responses (Aniksztejn et al., 1991; Cerne and Randic, 1992; Kelso et al., 1992) , produces mechanical hyperalgesia (Meller et al., 1993) , and is necessary for NMDA-induced LTP (O'Connor et al., 1995) . Previous studies have also suggested an interaction between spinal NMDA and NK 1 tachykinin receptor systems during the processing of nociceptive information (Dougherty and Willis, 1991; Seguin and Millan, 1994; Marvizón et al., 1997) . In summary, these results indicate that G-protein-coupled receptors and subsequent phospholipase C activation contribute to NR2B tyrosine phosphorylation and are a potential source of intracellular Ca 2ϩ release necessary for activation of kinases involved in spinal plasticity and central sensitization. Alternatively, calcium may enter the cell through voltage-gated calcium channels, calcium-permeable AMPA receptor channels, and NMDA receptor channels.
Protein kinase C is known to potentiate NMDA receptor activation (Chen and Huang, 1992; Kelso et al., 1992; Zheng et al., 1999) . PKC may stimulate Src through the PYK2-CAK␤ pathway (for review, see Ali and Salter, 2001 ) and induces NR2 tyrosine phosphorylation in the rat hippocampus (Grosshans and Browning, 2001) . Our results showed that the enhanced NR2B tyrosine phosphorylation was blocked by a PKC inhibitor, confirming the involvement of PKC in this effect. Taken together, our findings suggest that signal transduction upstream to NR2B tyrosine phosphorylation involves G-protein-coupled receptors, PKC and Src family protein tyrosine kinases . Future studies will need to delineate the transduction pathway or pathways involved in this cascade.
